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Abstract. Nowadays, a great interest in the efficiency and the cost of electrical machines has 
been noticed. Therefore, Synchronous Reluctance Motors (SynRMs) have become more 
attractive alternative for induction and permanent magnet (PM) synchronous machines in 
several industrial applications. This is because they do not use rare-earth magnets, windings 
and cages in their rotor. Consequently, the cost and efficiency are improved. Nevertheless, a 
major problem of the SynRMs is the low power factor. To improve the power factor as well as 
the torque density and efficiency, the cheap ferrite PM can be inserted in the rotor, resulting in 
the so called ‘PM assisted SynRM’. The rotor design of SynRMs with and without permanent 
magnets (PMs) has a huge effect on the motor efficiency, torque density and power factor. This 
paper introduces an evaluation for the performance of SynRMs with and without PMs in terms 
of efficiency, torque and power factor maps as a consequence of different rotor designs. Three 
different rotor designs for the same machine stator have been compared. For one machine, the 
experimental measurements are obtained and the validation of the simulation results are 
confirmed. A preprint of this work is available under: 
https://biblio.ugent.be/publication/8515429. 
1. Nomenclature 
id, iq Direct and quadrature axis stator current respectively, A 
λd, λq Direct and quadrature axis flux linkage of SynRM respectively, V.s 
P Number of pole pairs 
Rs Stator resistance of the motor, Ω 
Vd, Vq Direct and quadrature component of stator voltage respectively, V 
Vm, Im Maximum input voltage and current of the motor, V, A respectively 
δ, α Load angle and current angle, rad 
ωr Mechanical speed of the rotor, rad/s 
  
15th International Conference on Industrial Manufacturing and Metallurgy











Recently, Synchronous Reluctance Motors (SynRMs) with or without permanent-Magnets (PMs) are 
becoming attractive machines for variable speed industrial applications [1]–[5]. This is because of 
their merits of wide constant power speed range and high torque density. The power density and 
efficiency are better than that of induction machines and comparable to that of permanent magnet 
machines [2], [3]. In literature, there are a lot of papers which study SynRMs when their rotor includes 
and does not include magnets [1–16]. For example, in [1], suitable design of the three phase SynRM 
for electric vehicles was presented. In addition, a comparison between different flux-barrier designs 
for the same stator was investigated. The effect of four different steel grade on the performance of 
SynRMs was studied in [2]. It is noticed that the lower thickness steel grade has the higher efficiency, 
however it does not produce the higher output torque. In [3], the design of PMaSynRMs with an 
induction motor with identical NEMA frame stators was studied and compared. In [4], the design 
characteristics of SynRM with ferrite magnets and stator skewing was investigated. In addition, 
mechanical stress and demagnetization of ferrite was studied as well. In [5], the performance of 
PMaSynRMs for high-efficiency and wide constant power operation was studied. An investigation of 
the effect of the parameters and anti-demagnetization of rare-earth-less PMaSynRMs was done in [6]. 
In [7], a study of general properties of power losses in soft ferromagnetic materials was carried out. 
Different applications including pumping systems of the PMaSynRMs were introduced in [8–10] with 
high energy efficient. In [11] and [16], the modelling, simulation and design of the PMaSynRMs were 
introduced. This paper presents an evaluation for the performance of SynRMs with and without 
permanent magnets.  
3. Performance Evaluation of SynRMs and PMaSynRMs 
The vector diagram of PMaSynRM is sketched in Figure 1. Inserting λpm = 0 in Figure 1 results in the 
vector diagram of SynRM. The complete model of SynRM and PMaSynRM is reported in [16]. In the 
following section, three different rotors having identical stator and other parameters as listed in table 1 
have been considered. The stator has 36 slots and 15 turns/slot with conventional star-connected 
windings. The stator design is similar to that of induction machines. Moreover, all the rotors have 
three flux-barriers per pole as shown in Figures 2 and 3. The first rotor has been designed by a 
manufacturing company. This motor is called a reference SynRM and it is the motor for which the 
experimental validation has been done. The second rotor has been optimized by a conventional 
optimization technique with 2D FEM for the twelve rotor parameters, described in Figure 2. This 
motor is called an optimal SynRM and its rotor parameters are given in table 2. The third rotor has 
been obtained by filling all the three flux-barriers of the optimized rotor (second one) with ferrite PMs. 
The ferrite PM is selected due to the lower cost and the availability in the market. In addition, it can 
withstand higher temperature [8]. The adopted ferrite PM properties are shown in [8]. This motor is 
called a PMaSynRM. The performance of the three machines is obtained by 2D-FEM at the same 
conditions. Sinusoidal currents are injected in the machine windings at different speeds up to the rated 
speed value (6000 r/min). The currents have been varied from low values up to the rated value (Im = 30 
A) at fixed current angle α = 56.5°. The selected value of the current angle (56.5°) is the angle at 
which the machine can give approximately the maximum output power for the different currents and 
speeds. The FEM field pattern of the reference motor for quarter geometry at rated conditions is 
described in Figure 3. It can be noticed from Figure 3 that there are some iron regions having higher 
flux level (red color). These regions are called flux-barrier tangential ribs. The thickness of the ribs has 
a great influence on the performance of SynRM.    
Figure 4 shows the output torque of the three machines at different operating speeds and stator 
currents up to the rated values. First, at the same current and speed, the output torque of the machine 
depends on the rotor design which is greatly affected by the design of the twelve parameters of the 
rotor, given in Figure 2. Therefore, an optimized rotor geometry for the SynRMs is necessary and 
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unavoidable to maximize the machine performance. The performance of SynRM mainly depends on 
the quadrature (q) and the direct (d) inductances and these inductances depend on the geometrical 
design of the flux barriers of the rotor. Second, when comparing the subfigs of Figure 4 of optimal 
SynRM and PMaSynRM, it can be observed that the average torque of the machines is increased by 
25 % when adding ferrite PM in the optimized rotor This is because of the effect of PMs on the q-axis 
inductance of the SynRM. The PMs saturate the tangential ribs (Figure 2) of the motor. By 
















Table 1. Prototype SynRM parameters. 
Parameter Value Parameter Value 
Number of poles/stator slots 4/36 Rated current/speed 22 A/6000 RPM 






rotor outer diameter 
140 mm/  
109.4 mm 
θ1,θ2,θ3 7.5°, 20.5°, 33.5° W1, W2, W3 6 mm, 4 mm, 3 mm 
L1, L2, L3 25 mm, 19 mm, 12 mm p1, p2, p3 23.5 mm, 36 mm, 46 mm 
 
 
Table 2. Optimal SynRM rotor geometrical parameters. 
Parameter Value Parameter Value 
θ1, θ2, θ3 8.08°,16.43°, 28.4° L1, L2, L3 28.85 mm,28 mm,13.5 mm 











Figure 3. Flux paths of the reference SynRM using FEM  

























Figure 1. Vector diagram of PMaSynRM. 
Figure 2. Quarter rotor geometry of SynRM. 
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Figure 5 shows the computed losses (iron and copper) of the machines for different currents and 
speeds up to the rated values. The copper losses are constant for all the machines due to the same 
stator windings and currents. The iron losses depend on the material properties, the currents and the 
geometry design of the machine. The variation of the parameters of rotor flux-barrier, shown in 
Figure 2, has a great effect on the iron losses of SynRM. This is due to the variation of the saturation 
regions of the iron especially, the rotor tangential ribs and the teeth of the stator. This can be noticed in 
Figure 5, by comparing the subfigs (reference, optimal and PMaSynRM). For the same current and 
operating speed, the iron losses increases for the PMaSynRM that has the higher output torque 
(Figure 4) compared to the other machines. In addition, for one machine as expected, the iron losses 
increase with the increase in speed and current, approximately in proportional way. 
  
Figure 4. SynRM average torque maps for 
different rotor designs. 
Figure 5. SynRM total losses maps for  
different rotor designs. 
Moreover, the efficiency of SynRMs is better than induction motors [3] and is inferior compared to the 
permanent synchronous motors [9] as deduced in Figure 6. As the output power and total losses were 
affected with the rotor design, the efficiency of the machine depends on the rotor design as well (see 
Figure 6). At half rated condition the PMaSynRM’s efficiency is around 95 %.  
The power factor of the SynRMs depends on the saliency ratio (Ld/Lq) which is affected by the 
design of the rotor. The optimal SynRM has a higher power factor compared to the reference SynRM 
as it has the higher saliency ratio than the reference motor. However, it still has a low power factor 
about 0.68 at the rated conditions. Hence, adding PM in the optimized rotor reduces the phase angle 
between the voltage and current as shown in Figure 1. Consequently, the power factor is increased to 
about 0.91 at the rated conditions as observed in Figure 7 (PMaSynRM). This is a good indication for 
PMaSynRM to be attractive motor for industrial applications.  
 
  
Figure 6. SynRM efficiency maps for different 
rotor designs. 
Figure 7. SynRM power factor maps for 
different rotor designs. 
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4. Experimental validation 
The FEM results have been validated by experimental measurements using the test bench sketched in 
Figure 8. The measured and simulated validation results were obtained at fixed speed (2500 rpm), 
stator current (Im = 20 A) and for different current angles. Figure 9 (a) shows the computed (FEM) and 
the measured phase voltage, output torque of the SynRM. It is observed that the phase voltage is 
inversely varied with the current angle. Figure 9 (b) shows the measured and computed values of the 
power factor of SynRM at different current angles. The power factor increases with the increase of 
current angle due to the increasing of the load torque. The measured and simulated values of the 
output torque of the SynRM are depicted in Figure 9 (c). The SynRM output torque increases with the 
increasing of current angle till it reaches a maximum value at optimal angle then it decreases again. 
The SynRM maximum torque does not happen at the current angle of 45°. The current angle should be 
controlled in order to attain a maximum torque per Ampère. Therefore, the efficiency and losses of the 
SynRM can be improved. The SynRM’s efficiency is shown in Figure 9 (d). There is a good 
agreement between the simulated and the measured values. However, the difference between the 
measured and computed results is due to different reasons: the cutting and punching effects on the 
steel properties, the manufacturing tolerance and the measurement error. In addition, switching and 






This paper has discussed the performance evaluation of Synchronous reluctance motors (SynRMs) 
with and without permanent magnets. Three different rotors having the same stator design and other 
parameters are considered. The three rotors are reference, optimized and optimized assisted by ferrite 
PMs (PMaSynRMs) in its flux-barrier. Different performance indicators for the machine are computed 
by FEM and compared at the same conditions. The performance indicators are efficiency, torque, total 
losses and power factor maps. It is found that the efficiency and power factor of the PMaSynRMs can 
reach higher than 95 % and 0.91 respectively at the rated conditions. This means that the PMaSynRMs 
can be considered as a good alternative for both the induction machines and switched reluctance 
machines. In addition, they can be good competitors compared to the permanent magnet synchronous 
machines due to lower cost. Finally, measurements are obtained and validated the FEM model. 
Induction motor as a 









supply Figure 8. Photograph of the experimental setup. 
 
Figure 9. Computed and measured (a) 
phase voltage, (b) power factor, (c) output 
torque, and (d) efficiency of the SynRM at 
different current angles, current = 20 A 
and speed = 2500 rpm. 
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